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Membrane thicknessCholesterol is an essential and representative lipid in higher eukaryotic cellular membranes and is often found
distributed nonrandomly in domains in biological membranes. A large body of literature exists on the
organization of cholesterol in plasma membranes or membranes with high cholesterol content. However,
very little is known about organization of cholesterol in membranes containing low amounts of cholesterol
such as the endoplasmic reticulum or inner mitochondrial membranes. In this review, we have traced the
discovery and subsequent development of the concept of transbilayer cholesterol dimers (domains) in
membranes at low concentrations. We have further discussed the role of membrane curvature and thickness
on the transbilayer organization of cholesterol. Interestingly, this type of cholesterol organization could be
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higher eukaryotes
Cholesterol is a major constituent in higher eukaryotic cellular
membranes and is crucial in membrane organization, dynamics,
function, and sorting [1–3]. Cholesterol is a predominantly hydro-phobic molecule comprising a near planar tetracyclic fused steroid
ring and a ﬂexible isooctyl hydrocarbon tail (see Fig. 1a). The polar 3β-
hydroxyl group provides cholesterol its amphiphilic character and
helps cholesterol to orient and anchor in the membrane [4]. The
tetracyclic nucleus and isooctyl side chain create the bulky wedge-
type shape of the molecule. Interestingly, the planar tetracyclic ring
system of cholesterol is asymmetric about the ring plane. The sterol
ring has a ﬂat and smooth side with no substituents (theα face) and a
rough side with methyl substitutions (the β face; see Fig. 1b). The
smooth α face of the sterol nucleus helps in favorable van der Waals
interaction with the saturated fatty acyl chains of phospholipids [5].
The α face of cholesterol contains only axial hydrogen atoms. The
absence of any bulky group in this face facilitates close contact
between the sterol nucleus and phospholipid chains. The bumpiness
Fig. 1. Structure and orientation of cholesterol: (a) Chemical structure of cholesterol.
Three structurally distinct regions are shown as shaded boxes: the 3β-hydroxyl group,
the rigid steroid ring, and the ﬂexible alkyl chain. The 3β-hydroxyl moiety is the only
polar group in cholesterol thereby contributing to its amphiphilic character and it helps
cholesterol to orient and anchor in the membrane. (b) Double faced cholesterol:
cholesterol is characterized by a ﬂat and smooth (α) face, and a rough (β) face. The α
face of cholesterol contains only axial hydrogen atoms. The roughness of the β face is
due to the protruding bulky methyl groups (see text for details). (c) A schematic
diagram showing the orientation of cholesterol in relation to phospholipid molecules in
membranes. The smooth α face of the sterol nucleus helps in favorable van der Waals
interaction with the saturated fatty acyl chains of phospholipids. α and β faces of
cholesterol can simultaneously interact with a saturated fatty acyl chain of
phospholipids and uneven transmembrane domain of an integral membrane protein,
respectively. Cholesterol is shown to align in bilayers with its 3β-hydroxyl group in the
vicinity of the ester carbonyls of phospholipids and its tetracyclic ring immersed in the
bilayer interior, in close contact with a part of the phospholipid fatty acyl chain.
Adapted and modiﬁed from [29].
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groups at positions C18, C19 and the isooctyl chain linked to C17. The
molecular structure of cholesterol is exceedingly ﬁne-tuned over a
very long time scale of natural evolution [6]. This is illustrated by
recent reports that removal of methyl groups from cholesterol results
in altered tilt angle which affects ordering and condensing effects, as
shown by atomic scale molecular dynamics simulations [7,8].
Molecular simulation approaches have earlier shown that the α face
of cholesterol promotes a stronger ordering effect on saturated alkylchains compared to the β face [9]. In addition, it has been shown that
cholesterol orients its smooth α face toward saturated chains and its
uneven β face toward unsaturated chains of phospholipids [10], or
with a bumpy transmembrane domain of an integral membrane
protein (see Fig. 1c).
Cholesterol is oriented in the membrane bilayer with its long axis
perpendicular to the plane of the membrane (Fig. 1c) so that its polar
hydroxyl group encounters the aqueous environment and the
hydrophobic steroid ring is oriented parallel to and immersed in the
hydrophobic fatty acyl chains of the phospholipids [11]. It has been
previously shown that cholesterol is aligned in bilayers with its 3β-
hydroxyl group in the proximity of the ester bonds of phospholipids
and its tetracyclic ring buried in the bilayer interior, in close contact
with a part of the phospholipid fatty acyl chains [4,12]. It should be
mentioned here that although the hydroxyl group of cholesterol is
shown to be aligned at the level of sn-2 ester carbonyl group of the
phospholipid in Fig. 1c, unambiguous experimental evidence support-
ing the interaction (hydrogen bonding) between the hydroxyl group
of cholesterol and the lipid carbonyl group is lacking. Since the length
of the cholesterol molecule including the isooctyl tail in all-trans
energyminimum conformation is ~20 Å, a single cholesterol molecule
can traverse one leaﬂet of a bilayer composed of phospholipids ([12];
see Fig. 1c).
2. Cholesterol domains in membranes
Cholesterol is often found distributed nonrandomly in domains in
biological and model membranes [1,2,13–16]. Many of these domains
(sometimes termed as ‘lipid rafts’) are believed to be important for
the maintenance of membrane structure and function. A unique
property of cholesterol which contributes to its capacity to form
membrane domains is its ability to form liquid-ordered-like phase in
higher eukaryotic plasma membranes [17]. The idea of such
specialized membrane domains assumes signiﬁcance in cell biology
since physiologically important functions such as membrane sorting
and trafﬁcking [18], signal transduction processes [19], and the entry
of pathogens [20–22] have been attributed to these domains.
Importantly, cholesterol is distributed heterogeneously among vari-
ous intracellular membranes. The lowest cholesterol concentration is
found in the membranes of the endoplasmic reticulum, which
interestingly is the site of cholesterol biosynthesis [23]. Cholesterol
concentration increases progressively along the cis, medial and trans
Golgi stacks [24,25], while the highest concentration (~90% of the
total cellular cholesterol) is found in the plasma membrane [26]. In
addition, cholesterol plays a vital role in the function and organization
of membrane proteins and receptors [27–29].
3. Cholesterol domains in membranes at low concentrations
3.1. Early evidence of transbilayer cholesterol dimers from differential
scanning calorimetric studies
A large body of literature exists on the organization of cholesterol
in plasma membranes or membranes with high cholesterol content.
Unfortunately, very little is known about its organization in the
membrane when cholesterol content is very low (b5 mol%), similar to
what is found in endoplasmic reticulum (where cholesterol biosyn-
thesis takes place) and mitochondrial membranes [30]. It was initially
assumed that cholesterol is distributed uniformly in the membrane at
these concentrations. However, the evidence for this is quite tenuous
even in earlier literature [31–33].
Evidence for speciﬁc organization of cholesterol molecules in
membranes at low concentrations was obtained from three indepen-
dent studies carried out by various groups [34–37]. Harris et al. [34]
monitored the cryoscopic depression of multilamellar vesicles of
DPPC/cholesterol (0–6 mol% cholesterol) and explained their results
Fig. 2. (a) Chemical structures of ﬂuorescent sterols. (b) Spectral signature reveals the
presence of cholesterol dimers in membranes. Representative ﬂuorescent emission
spectral feature of 25-NBD-cholesterol in gel (ordered) phase DPPC membranes.
The emission spectrum appears smooth and homogeneous when the concentration of
25-NBD-cholesterol is very low (0.1 mol%). The emissionmaximum is ~522 nmunder this
condition. This spectral feature represents monomers of cholesterol. With increase in
cholesterol content, spectrumbecomes broad and inhomogeneous accompanied by a shift
in the emissionmaximum. A new peak is observed at ~539 nmwhen the concentration of
25-NBD-cholesterol reaches ~2 mol%. This signiﬁes thepresenceof cholesterol dimers (see
Fig. 3a). The dimer peak is observed at a higher concentration of cholesterol (~5 mol%) in
ﬂuid (liquid-disordered) phase. This characteristic spectral feature was attributed to
speciﬁc non-covalent dimer of cholesterol and not due to non-speciﬁc aggregation of the
NBDgroup (see [35,37] for details). The same conclusionwas arrived by using the intrinsic
ﬂuorescence of DHE [36,37]. Adapted and modiﬁed from [35].
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concentrations. Differential scanning calorimetric studies showed that
there was a sharpening of the phase transition (due to increase in
the size of cooperative unit) by cholesterol at very low concentrations
(0–5 mol%), instead of the broadening expected if chain melting was
accompanied by continuously changing compositions of the two
phases [34]. Further analysis of cholesterol–DPPC interaction, mon-
itored by lowering of transition temperature as a function of
increasing cholesterol concentration in DPPC membranes showed
that the slope of the curve (of transition temperature vs. cholesterol
concentration) was consistent with the molecular weight of a dimer
when cholesterol concentration was 3 mol% and above. These results
showed that while cholesterol is immiscible in the gel phase
membrane and exists as separate solid domains, it forms monodis-
perse solutions below 2 mol% in the ﬂuid phase. Based on space-ﬁlling
considerations and control experiments with sterols lacking the
isooctyl chain, these authors proposed a transbilayer dimer arrange-
ment (see later). In this model, cholesterol molecules are localized
rather deep in the membrane. This is consistent with the previously
proposed deep location of cholesterol molecules across the hydro-
phobic core of the two leaﬂets of the membrane bilayer [38,39]. These
dimers are stabilized by van der Waals interaction. Interestingly, no
evidence for cholesterol dimerization was observed in lipid mono-
layers where transbilayer dimers cannot be formed [40].
3.2. Evidence of transbilayer dimers from ﬂuorescent sterols
A major reason for the apparent paucity of reports describing
organization of cholesterol in membranes at low concentrations is the
lack of suitable techniques to monitor such structures. In this context,
use of ﬂuorescent sterols represents a powerful approach for studying
cholesterol organization in membranes due to their high sensitivity,
time resolution, and multiplicity of measurable parameters [41,42].
One class of probes commonly used for such studies is sterols that are
covalently linked with extrinsic ﬂuorophores. The advantage of this
class of probes is the choice of the ﬂuorescent label to be used, and
therefore, speciﬁc probes with appropriate photophysical properties
can be designed for speciﬁc applications. A widely used extrinsic
ﬂuorophore in biophysical, biochemical, and cell biological studies is
the NBD group [43]. The NBD moiety possesses some of the most
desirable properties for serving as an excellent probe for both
spectroscopic [35,44–47] and microscopic [48,49] applications. It is
very weakly ﬂuorescent in water and upon transfer to hydrophobic
media, it ﬂuoresces brightly in the visible range and shows a large
degree of environmental sensitivity [50–53]. The derivative of
cholesterol, 25-NBD-cholesterol, in which the NBD group is attached
to the ﬂexible alkyl chain of cholesterol (see Fig. 2a), represents a
useful ﬂuorescent analogue of cholesterol. The detailed characteriza-
tion of the spectroscopic properties of 25-NBD-cholesterol in model
membranes and membrane-mimetic systems has been previously
carried out [35,37,50,54–57]. The NBD group in this analogue has been
found to be localized deep in the hydrocarbon region of the
membrane, approximately 5–6 Å from the center of the bilayer,
thereby indicating that the orientation of this analogue in the
membrane is similar to that of cholesterol [50,54]. It has also
previously been shown by electrophoretic measurements that 25-
NBD-cholesterol is not charged when bound to membranes at neutral
pH [50]. Interestingly, unlike phospholipids labeled in their acyl
chains, the NBD group in 25-NBD-cholesterol has been shown not to
loop back to the membrane interface possibly due to the stereo-
chemical rigidity of the sterol ring and/or the reduction of hydro-
philicity due to the methyl group (not present in NBD-labeled
phospholipids) attached to the NBD moiety [43]. Interestingly, this
unique orientation of 25-NBD-cholesterol offers a convenient means
to localize a polar and potentially reactive group deep inside the
membrane. The unique position of this probe in the membrane haspreviously been exploited in ﬂuorescence resonance energy transfer
experiments to study the spatial orientation of speciﬁc sites on the
chloroplast coupling factor in the membrane in reconstituted vesicles
thereby providing further support for its orientation [55]. In contrast
to sterols that are chemically linked to extrinsic ﬂuorophores (such as
25-NBD-cholesterol), DHE represents a naturally occurring ﬂuores-
cent cholesterol analogue that closely mimics cholesterol (see Fig. 2a
for chemical structures). For this reason, DHE is extensively used in
cellular studies involving cholesterol [58]. The issue of speciﬁc
organization of cholesterol molecules in membranes at low concen-
trations has been amply explored by the use of ﬂuorescent sterols,
namely, 25-NBD-cholesterol [35,37,48,57] and dehydroergosterol
[36,37].
In an elegant study, Mukherjee and Chattopadhyay [35] utilized
aggregation-sensitive ﬂuorescence characteristics of 25-NBD-choles-
terol ﬂuorescence to explore local organization of cholesterol in the
membrane at very low concentrations. By careful analysis of the
emission spectral features of 25-NBD-cholesterol in DPPC membranes
at the concentration range of 0.1–5 mol%, the possible presence of
transbilayer tail-to-tail dimers of cholesterol in such membranes was
detected both in gel and ﬂuid phases (see Figs. 2b and 3a for further
details). Monitoring corresponding changes in the absorption spec-
trum, it was further shown, that the cholesterol dimers represented
Fig. 3. A schematic diagram of the membrane bilayer showing the effects of curvature
stress and membrane thickness on the organization of cholesterol dimers: (a) the
transbilayer tail-to-tail dimers of cholesterol, (b) cholesterol monomers in membranes
with high surface curvature such as small unilamellar vesicles, (c) cholesterol
monomers in relatively thick membranes formed by phospholipids having longer
fatty acyl chains, and (d) cholesterol monomers in relatively thin membranes formed
by phospholipids having shorter fatty acyl chains. See text for details. Adapted and
modiﬁed from [37].
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interaction). By designing careful control experiments, the possibility
that the unique spectral feature was due to non-speciﬁc aggregation
of the NBD group was ruled out. In other words, these results provide
novel information about cholesterol dimerization in membranes at
low concentrations, rather than providing information on NBD–NBD
interactions.
These results were further validated by Loura and Prieto [36] by
utilizing the intrinsic ﬂuorescence of DHE, a naturally occurring
ﬂuorescent cholesterol analogue found in yeast. DHE differs from
cholesterol in having three additional double bonds and amethyl group
(see Fig. 2a). Anumber of studies have shown thatDHE faithfullymimics
cholesterol in biophysical, biochemical and cell biological studies
[13,58]. Loura and Prieto [36] analyzed DHE concentration-dependent
depolarization in membranes using a theoretical framework and
explained their results on the basis of transbilayer tail-to-tail dimers
of cholesterol, previously reported by us [35] and others [34]. These
conclusions were further supported by measurements in which the
change in peak intensity ratio of the vibronic bands of DHE was
monitored as a function of DHE concentration [37]. In addition, Loura
and Prieto [36] also indicated that cholesterol dimers could be sensitive
to membrane curvature.3.3. Effects of curvature stress and membrane thickness
The effect of membrane curvature stress on the transbilayer
organization of cholesterol in membranes was comprehensively ad-
dressed by Rukmini et al. [37]. By monitoring the distinct spectral
feature of 25-NBD-cholesterol in membranes of varying curvature, it
was shown that the transbilayer dimer arrangement is sensitive to
membrane curvature and dimerization is not favored in highly curved
membranes (such as small unilamellar vesicles; see Fig. 3b). This was
attributed to differential packing arrangements in the two leaﬂets of
highly curved, small vesicles. Interestingly, cholesterol dimerizationwas
favored upon release of curvature stress by reforming larger vesicles
(with less curvature stress) from small vesicles by extrusion, as
evidenced from reversible modulation of spectral features [37].A major issue that required to be validated with respect to
cholesterol dimers is their transverse (as opposed to lateral) nature.
This is relevant since the spectral features used for the above studies
are not always capable of distinguishing transverse dimers from
lateral dimers. In addition, lateral dimers of cholesterol have been
previously reported in organic solvents [59]. This issue was resolved
by incorporating 25-NBD-cholesterol inmembrane bilayers of varying
thickness (by using saturated phosphatidylcholines containing fatty
acyl chains of 12–20 carbon atoms). Interestingly, the characteristic
spectral feature for cholesterol dimers was found only in membranes
formed from DPPC and DMPC but not in bilayers formed by DAPC,
DLPC and DSPC [37]. Taken together, these results showed that the
process of transbilayer dimerization is stringently controlled by a
narrow window of membrane thickness (see Fig. 3c and d). These
results assume signiﬁcance in the context of increasing membrane
thickness from Golgi to the plasma membrane due to the gradient in
cholesterol concentration [23].
3.4. Organization and dynamics of transbilayer dimers
The organization of the transbilayer dimers merits comment. The
microenvironmental features of cholesterol monomers and dimers
were explored by Mukherjee and Chattopadhyay [57] utilizing
wavelength-selective ﬂuorescence spectroscopy. Wavelength-selec-
tive ﬂuorescence comprises a set of approaches based on the red edge
effect in ﬂuorescence spectroscopy that can be used to directly
monitor the environment and dynamics around an organized
molecular assembly [60–62]. A shift in the wavelength of maximum
ﬂuorescence emission toward higher wavelengths, caused by a shift in
the excitation wavelength toward the red edge of absorption band, is
termed red edge excitation shift (REES). This effect is mostly observed
with polar ﬂuorophores in motionally restricted media such as very
viscous solutions or condensed phases where the dipolar relaxation
time for the solvent shell around a ﬂuorophore is comparable to or
longer than its ﬂuorescence lifetime [60–62]. REES arises due to slow
rates of solvent relaxation (reorientation) around an excited state
ﬂuorophore, which depends on the motional restriction imposed on
the solvent molecules (or the dipolar environment, as in green
ﬂuorescent protein [63]) in the immediate vicinity of the ﬂuorophore.
The unique feature of REES is that while other ﬂuorescence techniques
yield information about the ﬂuorophore itself, REES provides
information about the relative rates of solvent relaxation that is not
possible to obtain by other techniques. It has been previously shown
that REES serves as a sensitive tool to monitor the organization and
dynamics of organized molecular assemblies such as membranes and
membrane-mimetic systems [44–46,64].
Mukherjee and Chattopadhyay [57] monitored the microenviron-
ment of cholesterol dimers utilizing REES of the NBD group in 25-
NBD-cholesterol. By analysis of REES results, obtained in conditions
favoring predominantly either monomers or dimers of cholesterol, it
was shown that the microenvironment around the cholesterol dimer
offersmore restriction to solvent reorientation in the excited state and
therefore appears to be more rigid. The relatively rigid microenviron-
mental features of cholesterol dimers possibly slow down the rate of
solvent reorientation giving rise to REES effects. Interestingly,
monomers of 25-NBD-cholesterol do not display any REES [57].
These results show that REES is sensitive to the organization of
cholesterol in themembrane, when probed using 25-NBD-cholesterol.
These results were further supported by corresponding changes in
ﬂuorescence anisotropy as a function of excitation wavelength.
The lateral dynamics (diffusion) of cholesterol dimers assumes
signiﬁcance in the context of relatively rigid microenvironment of the
dimer. Pucadyil et al. [48] utilized a novel version of ﬂuorescence
recovery after photobleaching (FRAP) measurements to provide
estimates for lateral diffusion coefﬁcients of cholesterol dimers and
monomers using 25-NBD-cholesterol. In these measurements,
Fig. 4. Transbilayer cholesterol dimers in pathological conditions. (a) A schematic
model showing the presence of transbilayer cholesterol dimers in arterial smooth
muscle cell membranes in atherosclerotic rabbits. (b) Proposed model of transbilayer
cholesterol dimers in the human ocular lens ﬁber cell plasma membranes. This type of
cholesterol organization is more predominant in cataractous human lenses. See text for
details. Adapted and modiﬁed from [81] and [84] with permission from American
Society of Biochemistry and Molecular Biology.
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membranes containing 25-NBD-cholesterol. The diffusion properties
of the transbilayer dimer (evident from spectral features) and
monomer were derived by analysis of FRAP results after photoselect-
ing a given population by use of speciﬁc wavelength-range charac-
teristic of that population. Based on this approach, the results showed
that the organization of 25-NBD-cholesterol in DPPC membranes is
heterogeneous, with the presence of fast- and slow-diffusing species.
The presence of fast- and slow-diffusing populations of 25-NBD-
cholesterol was interpreted to correspond to predominant popula-
tions of cholesterol monomers and dimers. Interestingly, the esti-
mated molecular weights of the fast- and slow-diffusing species
exhibited excellent agreement with monomer and dimer of 25-NBD-
cholesterol. This reinforces that the fast- and slow-diffusing popula-
tions correspond to cholesterol monomers and dimers.
4. Transbilayer dimers of cholesterol: Implications in cellular
sorting and disease
Since there are a number of intracellular organelles such as the
endoplasmic reticulum (ER) and the mitochondrial membrane where
the cholesterol content is actively maintained at a low level [30], any
information on cholesterol organization in such membranes will be
useful. Cholesterol domains found in membranes of low cholesterol
content (such as the ER or the inner mitochondrial membrane) could
have important functional implications in intracellular sorting and
trafﬁcking. The low cholesterol content of the ER membrane has been
attributed to its need to be readily deformable for newly synthesized
membraneproteins to be folded and assembled properly [23]. It has been
previously reported that low amounts (b3 mol%) of cholesterol
contribute to softness of the membrane [65,66]. These authors found
that cholesterol in amounts up to 3 mol% softens the lipid bilayer and
only at concentrations higher than 4 mol% leads to thewell known effect
of rigidiﬁcation which is responsible for the mechanical coherence of
eukaryotic plasma membranes. It has been suggested that the speciﬁc
gradient of cholesterol concentration found in Golgi and ER facilitates
protein sorting in the secretory pathway via cholesterol's ability to
modify the membrane thickness [67]. This proposal has recently been
reinforced by the observation that transmembrane domains of mem-
brane proteins are not generic in nature, but are characterized by
organelle-speciﬁc lengthbetween theearly and lateparts of the secretory
pathway [68]. Membrane softening caused by low levels of cholesterol
(see above; [65,66]) may play a role in the vesicle budding process
associated with membrane trafﬁc in Golgi and ER. Newly synthesized
cholesterol is transported from ER, its site of synthesis, to the plasma
membrane, predominantly by non-vesicular transport that bypasses the
Golgi apparatus [69,70]. However, vesicular transport from ER through
the Golgi could bring some nascent cholesterol to the plasmamembrane
involving the vesicle budding process. Cholesterol is known tomodulate
lipid–protein interactions by increasing the thickness of the lipid bilayer
[71]. For example, it has been shown that POPC vesicles have a bilayer
hydrophobic thickness of ~26 Å which increases to 30 Å in presence of
30 mol% cholesterol [72]. In fact, there is evidence that a gradient of
cholesterol exists in Golgi and the membrane coming out of Golgi
apparatus is believed to be thicker and havingmore cholesterol than the
membrane entering from the ER. Since our results show that cholesterol
dimerization is controlled by membrane thickness, this could imply that
there is a gradient of cholesterol dimers across the Golgi apparatus.
An intriguing aspect of the transbilayer dimers is their sensitivity
to membrane curvature (Fig. 3b). Many important cellular trafﬁcking
events (such as vesiculation, tubulation, pinching off of endocytic
vesicles, and fusion of exocytic vesicles) are accompanied by sharp
changes in membrane curvature [73,74]. The overall process of
membrane trafﬁcking and turnover is inﬂuenced by membrane
curvature, e.g., vesicles budding off from ER or Golgi may have more
surface curvature than their parent membrane. Curvature-inducedmembrane domains have earlier been reported to be responsible for
differential sorting and trafﬁcking of lipid analogues in CHO cells [75].
Some of the vesicles involved in cellular trafﬁc, e.g., coated vesicles used
in exocytosis, are quite small and are highly curved [76]. It is known that
certain regions of sorting endosomes experience high curvature stress
[75]. Interestingly, it has recently been reported that pH has a strong
effect on membrane curvature [77], and the endosomal vesicles
experience low (acidic) pH [78]. The modulation of transbilayer
cholesterol dimerization by these cellular factors represents an
interesting possibility. Interestingly, the detection of transbilayer
cholesterol dimers has given rise to the intriguing possibility, that this
could be a mechanism by which cholesterol-rich domains could be
nucleated in the relatively cholesterol-poor Golgi membranes [79]. An
interesting possibility is whether transbilayer cholesterol dimers could
play an important role in coupling the two leaﬂets in the ‘lipid raft’
model.
The transbilayer tail-to-tail cholesterol organization could have a
role in diseased states. Lipid peroxidation, a degenerative process
correlated with aging and oxidative stress, has been reported to
induce transbilayer domains of cholesterol at low concentrations of
cholesterol, i.e., low cholesterol/phospholipid ratio [80]. The impor-
tance of cholesterol transbilayer domains in atherogenesis was
previously demonstrated by Tulenko et al. [81]. In this study, small
angle x-ray diffraction was used to examine arterial smooth muscle
cell plasma membranes isolated from control and cholesterol-fed
atherosclerotic rabbits. Beyond 9 weeks of cholesterol feeding, x-ray
diffraction patterns demonstrated a lateral immiscible cholesterol
domain with a bilayer thickness of 34 Å coexisting with the liquid
crystalline (ﬂuid) lipid bilayer (see Fig. 4a). The membrane thickness
24 A. Chaudhuri, A. Chattopadhyay / Biochimica et Biophysica Acta 1808 (2011) 19–25of 34 Å corresponds to a tail-to-tail arrangement of cholesterol dimers
as the length of an individual cholesterol molecule is ~17 Å [82,83].
This points out the possible involvement of the transbilayer tail-to-tail
organization of cholesterol in atherogenesis. In addition, transbilayer
cholesterol domains have been implicated in human ocular lens ﬁber
cell plasma membranes, especially in cataractous condition [84–86];
see Fig. 4b).
As mentioned above, literature on cholesterol domains is very rich
in case of membranes containing higher amounts of cholesterol. In
this overall context, information on cholesterol domains formed in
conditions of low cholesterol content is somewhat limited. Nonethe-
less, the unique organization exhibited by cholesterol, when present
in relatively low concentrations, offers the possibility of providing
novel insight into cellular sorting and disease processes.
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